Ferrichrome is known to be a siderophore, but it was recently identified as a tumor-suppressive molecule derived from Lactobacillus casei ATCC334 (L. casei). In the present study, we investigated the effects of ferrichrome in gastric cancer cells. Cell lines and xenograft models treated with ferrichrome demonstrated growth suppression. The expression levels of cleaved poly (adenosine diphosphate-ribose) polymerase, and cleaved caspase-9 were increased by ferrichrome treatment. Although the tumor-suppressive effects of ferrichrome were almost completely diminished by the iron chelation, the reduction in the intracellular iron by ferrichrome did not correlate with its tumor-suppressive effects. An exhaustive docking simulation indicated that iron-free ferrichrome can make stable conformations with various mammalian molecules, including transporters and receptors. In conclusion, probiotic-derived ferrichrome induced apoptosis in gastric cancer cells. The iron binding site of ferrichrome is the structure responsible for its tumor suppressive function.
Introduction
Probiotics, including Lactobacillus and Bifidobacterium species, are known to bring benefit the health of their host mammals when administered in sufficient amounts. 1 Previous studies have revealed that probiotic bacteria are associated with various health benefits, including the conditioning of the intestinal microflora, suppression of excess allergic responses, and tumor-suppressive effects, [2] [3] [4] suggesting that probiotics produce anti-tumor molecules. The identification of such probiotic-derived molecules may help identify the mechanisms of probiotic tumor-suppressive effects and encourage the development of new antitumor drugs, but few of these tumor-suppressive molecules have actually been identified.
We have isolated several molecules, including competence and sporulation factor (CSF) and inorganic polyphosphate (poly P), from probiotic-conditioned media that exerted protective effects against intestinal injury in a mouse model of enteritis, [5] [6] [7] [8] as well as tumor-suppressive effects. 9 We subsequently identified the tumor-suppressive molecule ferrichrome in the conditioned media of L. casei. 10 Ferrichrome is a siderophore, which are small, highaffinity, iron-chelating molecules derived from bacteria. [11] [12] [13] Our recent study revealed that ferrichrome activates the c-Jun N-terminal kinase (JNK)-DNA damage-inducible transcript 3 (DDIT3) pathway and upregulates the cleavage of poly(adenosine diphosphate-ribose) polymerase (PARP) in colorectal cancer cells. 10 A previous report showed that the endoplasmic reticulum (ER) stress response activates DDIT3 and that DDIT3-induced ER oxidase 1α then activates the ER calcium-release channel IP3R1. 14, 15 Cytoplasmic calcium then triggers the expression of JNK and Fas death receptor by activating the calcium/calmodulin-dependent protein kinase II. 16, 17 Finally, the expression of caspases and PARP was induced. 18 The suppressive effect of ferrichrome on colon cancer cells was much stronger than that of 5-fluorouracil (5-FU) or cisplatin, while the inhibitory effect against normal epithelia was less than that of other anti-tumor drugs. 10 However, whether or not ferrichrome has effects on other types of cancer cells, such gastric cancer cells, and how it exerts its tumor-suppressive effect on cancer cells has been unclear.
In this study, ferrichrome exerted dosage-dependent growth inhibition effects against gastric cancer cell lines and activated apoptotic pathway, including the JNK-DDIT3 pathway. The tumor-suppressive effects of ferrichrome were diminished by the iron chelation. Although intracellular iron was reduced by ferrichrome treatment, the concentrations of iron in cancer cells were not correlated with the tumor-suppressive effects of ferrichrome. An exhaustive docking simulation indicated that iron-free ferrichrome can form stable conformations with various molecules, suggesting that iron-free ferrichrome induces apoptosis in gastric cancer cells through interactions with some tumor-associated molecules.
Materials and methods

Ferrichrome
Ferrichrome was purchased from Sigma-Aldrich (St. Louis, MO, USA). For iron chelation, equimolar FeCl 3 was added to the ferrichrome.
Cell culture
MKN-45 and MKN-74 were provided by Japanese Collection of Research Bioresources Cell Bank. MKN-7 and NUGC-4 were supplied by Cell Resource Center for Biomedical Research, Institute of Development, and Aging and Cancer Tohoku University. All cell lines were grown in Roswell Park Memorial Institute (RPMI) 1640 supplemented with 10% (v/v) fetal bovine serum (FBS), 50 U/mL penicillin, and 50 µg/mL streptomycin in a humidified atmosphere of 5% CO 2 . The cells were plated on six-well plates at a density of 10 5 cells/cm 2 and stimulated by ferrichrome diluted in high-glucose Dulbecco's Modified Eagle's Medium (DMEM).
Cell viability
MKN-7, MKN-45, MKN-74, and NUGC-4 were used in this assay. The effects of iron-free and iron-binding ferrichrome treatment were assessed by sulforhodamine B (SRB) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assays. The dose of ferrichrome was 1-100 µg/mL. These cells were seeded for 24 h before treatment and fixed every 24 h. The cell density was measured using an absorption spectrometer.
SRB assay
The cells were seeded onto 96-well microplates at 1.0-2.0 × 10 4 cells per well for 24 h before stimulation. The cells were fixed in 5% (w/v) trichloroacetic acid (TCA) for 1 h at 4°C and washed in distilled water (DW) four times. The microplates were then dehydrated at room temperature, stained in 0.057% SRB powder/DW (w/v), washed in 0.1% acetic acid, and re-dehydrated. The stained cells were lysed in 200 µL per well of Tris-buffer (10 mM, pH 10.5), and the optical density (OD) was measured at 510 nm. 19 
MTT assay
Cell growth was assessed using an MTT cell proliferation kit I (Roche Diagnostics GmbH, Mannheim, Germany). The cells were seeded onto 96-well microplates at 0.5 to 1.0 × 10 4 per well for 24 h prior to stimulation. The cells were subsequently incubated with 10 µL of MTT labeling reagent for 4 h, followed by addition of 100 µL of solubilization solution into each well. The plates were left in the incubator overnight, and the OD was measured at a 570 nm test wavelength and a 650 nm reference wavelength.
Xenograft models
The protocols of the animal experiments model were approved by the Asahikawa Medical University Institutional Care and Use Committee. BALB/c nu/nu nude mice (male, 6 weeks of age) were obtained from Sankyo Labo Service (Tokyo, Japan). About 2 h after administering anti-asialo ganglio-N-tetraosylceramide antibody, MKN-45 (1.0 × 10 6 cells) with Matrigel was injected into the back of mice. The mice were treated with DW or 100 µg of ferrichrome by daily intraperitoneal administration. Finally, blood cell counts of the venous blood were examined.
Real-time polymerase chain reaction
The cells were washed with phosphate-buffered saline (PBS), and the RNA was extracted using an RNeasy Mini Kit (Qiagen, Tokyo, Japan). The messenger RNA (mRNA) of DDIT3 was reverse transcribed using a high-capacity complementary DNA (cDNA) reverse transcription kit (Applied Biosystems, Foster City, CA, USA). The reaction was carried out at 25°C for 10 min, 37°C for 120 min, and 85°C for 5 s. The cDNA was amplified using the specific primer for DDIT3 (Applied Biosystems; Assay ID; Hs 00358796), and the gene expression signal was detected in duplicate using an Applied Biosystems 7300 real-time polymerase chain reaction (RT-PCR) system. The assay was performed with initial denaturation at 95°C for 10 min, followed by 40 PCR cycles of 95°C for 10 s and 60°C for 1 min. The average mRNA expression was normalized to the 18S ribosomal RNA expressions (Applied Biosystems).
Western blotting
The cells were washed with PBS, and protein lysates were prepared using a mammalian cell extraction kit (BioVision, Mountain View, CA, USA). The protein concentration was determined using a Bio-Rad Protein Assay Dye Reagent Concentrate (Bio-Rad, Hercules, CA, USA) and regulated at the same level. Protein (15 µL) from each sample was separated using 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Bio-Rad) and blotted onto a nitrocellulose membrane using transfer buffer (25 mM Tris, pH 8.8, 192 mM glycine with 20% (v/v) methanol). The membranes were blocked to any nonspecific binding in PBS with 0.1% (v/v) Tween 20 (T-PBS) containing 3% (w/v) bovine serum albumin (BSA; Sigma-Aldrich, St. Louis, MO, USA). The blots were incubated overnight at 4°C with primary antibodies. The expression of stressactivated protein kinase (SAPK)/JNK, PARP, the cleavage of caspase-8, and the cleavage of caspase-9 were detected after incubation for 3 and 72-120 h, respectively. The primary antibodies of SAPK/JNK (#9251), PARP (#9542), and the cleavage of caspase-9 (#7237) were purchased from Cell Signaling Technology (Danvers, MA, USA). The primary antibodies for detecting the cleavage of caspase-8 (#AF1650) were purchased from R&D Systems (Minneapolis, MN, USA). The antibodies for detecting SAPK/JNK, PARP, the cleavage of caspase-8, and the cleavage of caspase-9 were diluted in 0.1% T-PBS containing 3% BSA and incubated with the blots overnight at 4°C. The blots were then washed three times in T-PBS and incubated for 1 h with horseradish peroxidase (HRP)conjugated secondary antibodies (R&D Systems, Minneapolis, MN, USA) for 1 h at room temperature. Each membrane was washed three times in 0.1% T-PBS and then developed using the Super-Signal West Pico Chemiluminescence Substrate (Thermo Fisher Scientific, Waltham, MA, USA). The chemiluminescence signal was detected using a Luminescent Image Analyzer LAS-3000 imaging system. The signals of the expression of cleaved caspase-8, p41/43, and p18 were measured at 41-43 and 18 kDa, respectively. The averaged protein expressions were normalized to the actin expressions (BD Transduction Laboratories, Lexington, KY, USA).
Flow cytometry
The cells were seeded at 2.0 × 10 6 per 60-mm dish for 24 h prior to stimulation. After 72 h of ferrichrome treatment, the cells were then trypsinized, washed twice with PBS, and fixed in 2 mL of PBS and 4 mL of 100% ethanol. The fixed cells were incubated with 25 U/mL ribonuclease (RNase) (Wako, Osaka, Japan) at room temperature for 20 min, and propidium iodide solution was added at a final concentration of 50 µg/mL. The cell cycle was assessed using a BD FACSCalibur (Becton, Dickinson and Company, Tokyo, Japan). The samples were analyzed by flow cytometry, and 20,000 events were obtained from each sample.
Mass spectrometry
Ferrichrome and equimolar concentrations of iron and ferrichrome samples were prepared. The samples were diluted in methanol and injected into a Nano Frontier elD Liquid Chromatography Mass Spectrometer (Hitachi High-Technologies, Tokyo, Japan) at 3 µL/min. The detection mode of mass spectrometry was time of flight (TOF), and the ionization type was micro-electrospray ionization (ESI). Using the full-scan positive ion mode, the mass range was selected from 100 to 2000 Da. The drying gas flow was 1.0 L/min, and the needle/spray potential was 5800 V. The atmosphere pressure lens settings were as follows: Ex potential: 110 V, AP1 temperature: 140°C, AP2 potential: 48 V, and AP2 temperature: 140°C.
Atomic absorption spectrometry
At 24 h before stimulation, the cells were seeded onto sixwell plates at 2.0 × 10 5 cells per well. After 24 h, the cells were washed with PBS and retrieved using 100 µL of nitric acid per well. The samples were then diluted to 10% with DW. The atomic absorption of standard samples and the diluted samples was read using a Z-8100 (Hitachi High-Technologies).
Molecular operating environment analyses
The exhaustive docking analysis of ferrichrome was performed using a Molecular Operating Environment (MOE) software program (Ryoka Systems Inc., Tokyo, Japan). The molecular information of ferrichrome was downloaded from PubChem (ID: 169636), and the ligand conformation analysis of iron-free and iron-binding ferrichrome was performed using the Amber10EHT, Born forcefield (strain energy < 100 kcal/mol). The structures of 34,495 proteins were downloaded from the Protein Data Bank (PDB) database and optimized by the receptor conformation analysis. A docking simulation between the ligand conformation of iron-free ferrichrome and the optimized conformation of 34,495 proteins was continuously performed.
Statistical analyses
The assay data are presented as the mean and the standard error of the mean. Student's t test, a one-way analysis of variance, and Bonferroni correction were used for the statistical analyses. p values < 0.05 were considered to indicate statistical significance using Student's t test and the one-way analysis of variance. When p values were less than 0.05, Bonferroni correction was used to detect significant differences between groups. In such cases, p values < 0.0083 and 0.017 were considered to indicate statistical significance of differences among four and three samples, respectively.
Results
Ferrichrome-suppressed gastric cancer cell progression
To clarify the tumor-suppressive effects of ferrichrome in gastric cancer cells, SRB and MTT assays were performed. These assays revealed the growth suppression effects of ferrichrome in all gastric cancer cells after 72-120 h treatment. Ferrichrome exerted stronger tumor-suppressive effects in MKN-7 and MKN-45 than MKN-74 and NUGC-4. The growth-suppressive effects were correlated with the concentration of ferrichrome (Figure 1 ). MKN-45 cells were injected into the backs of nude mice to build xenograft models. Ferrichrome was intraperitoneally injected every day, and the tumor sizes were measured. The tumor size of the ferrichrome-treated group was significantly smaller than that in the control group (Figure 2 (a) and (b)). These findings indicated that ferrichrome exerted growthsuppressive effects in gastric cancer cells. After treatment of the xenograft models, blood samples were collected from the inferior vena cava. The level of hemoglobin and mean corpuscular volume (MCV) were examined because ferrichrome is an iron chelator ferrichrome. There was no marked difference in the levels of hemoglobin and MCV between the control group and the ferrichrome-treated group (Figure 2(c) and (d) ).
The ferrichrome induced apoptotic pathway
Our recent study revealed that ferrichrome induced apoptosis mediated by the activation of the JNK-DDIT3 pathway in colorectal cancer cells, 10 and the expression of apoptosisassociated molecules was assessed in gastric cancer cells. The expression levels of cleaved PARP and cleaved caspase-9 were significantly induced by the administration of 100 µg/mL ferrichrome. Even 1 µg/mL ferrichrome induced the expression of cleaved PARP in MKN-45 and MKN-74 cells. Although the cleavage of caspase-8 was not detected in MKN-45 cells, it was detected in the other gastric cancer cells (Figure 3(a)-(d) ). Next, JNK-DDIT3mediated apoptotic signaling pathway was assessed under treatment with ferrichrome in gastric cancer cells. A western blotting analysis showed that the phosphorylation of JNK was upregulated in ferrichrome-treated cells compared to control cells (Figure 3(e) ). A real-time polymerase chain reaction (RT-PCR) analysis indicated that the mRNA levels of DDIT3 significantly increased in MKN-45 cells by the ferrichrome treatment (Figure 3(f) ). The cell cycle was then assessed by flow cytometry. Ferrichrome treatment was found to change the cancer cell cycle and increase the sub-G1 peak in MKN-74 cells, but not in MKN-7, MKN-45, or NUGC-4 cells (Figure 3 (g)-(j)). These findings indicated that ferrichrome inhibited the cell cycle and upregulated the cell death pathway, including the JNK-DDIT3 pathway, in gastric cancer cells.
Iron-chelated ferrichrome did not inhibit the cancer cell growth
Ferrichrome reportedly has the ability to chelate metal agents, including iron. [11] [12] [13] A mass spectrometry analysis of ferrichrome revealed that the m/z of iron-free ferrichrome was shifted completely by adding equal molecular concentrations of FeCl 3 , suggesting that ferrichrome chelated iron at a 1:1 molecular ratio (Figure 4 (a) and (b)). To elucidate the tumor-suppressive effects of iron-chelated ferrichrome, an SRB assay and MTT assay were performed. These assays indicated that the tumor-suppressive effects of ferrichrome were canceled on iron chelation in gastric cancer cells (Figure 4 (c)-(f)). An RT-PCR of DDIT3 mRNA was performed in gastric cancer cells, with results showing that the induction of DDIT3 mRNA by 1 µg/mL ferrichrome was diminished by iron chelation in MKN-7 and MKN-45 (Figure 4 (g) and (h)). There was no marked change in the expression of DDIT3 mRNA in examinations of 100 µg/mL ferrichrome in MKN-74 or NUGC-4, respectively, (Figure 4 (i) and (j)).
We further assessed whether or not ferrichrome depleted intracellular iron in gastric cancer cells. An atomic absorption spectrometry analysis indicated that the intracellular iron contents were reduced by iron-free ferrichrome treatment. However, the reduction in intercellular iron did not significantly differ between 1 and 100 µg/mL of ferrichrome treatment in these cell lines (Figure 4(k) ), and the grade of growth inhibition by 1 µg/mL ferrichrome was much lower than that by 100 µg/mL of ferrichrome in MKN-7 and MKN-45 (Figure 1(a) and (b) ). In addition, although 1 µg/mL of ferrichrome equally depleted intracellular iron compared with 100 µg/mL in MKN-74 and NUGC-4 cells (Figure 4(k) ), anticancer effects were only detected on treatment with ≥100 µg/mL of ferrichrome (Figure 1(c) and (d) ). These results indicated that the reduction in the intracellular iron concentration did not correlate with the anticancer effects of ferrichrome.
Ferrichrome forms stable conformations with various molecules
As shown above, the tumor-suppressive effects of ferrichrome did not appear to be associated with a decrease in Figure S1 ). the iron concentration of cancer cells. An exhaustive docking simulation was performed to identify the target molecules of ferrichrome in gastric cancer cells. The ligand conformation analysis indicated that iron-free ferrichrome could construct 9980 conformations under 100 kcal/mol of strain energy. A receptor conformation analysis was continuously performed for optimization of the structures of 34,495 proteins downloaded from the PDB. A docking simulation was then performed between 9980 conformations of iron-free ferrichrome and the optimized structure of 34,495 proteins. The candidate human molecules capable of forming stable conformations with iron-free ferrichrome are listed in Table 1 . The conformation of iron-binding ferrichrome was fixed in a single structure, and only one docking partner among bacterial molecules (and no mammalian molecules) was found to be able to form a conformation under 100 kcal/mol of strain energy. These findings indicated that iron-free ferrichrome has greater potential to bind to various molecules, likely cancer cell-derived molecules, than the iron-binding form.
Discussion
We recently identified the tumor-suppressive molecule ferrichrome from conditioned media of L. casei and showed that it induced apoptosis in colorectal cancer cells. 10 However, the tumor-suppressive effects on other gastrointestinal cancer cells and details of the mechanisms remained unclear. This study revealed for the first time that ferrichrome derived from L. casei has strong tumor-suppressive effects on gastric cancer cells, probably by inducing JNK-DDIT3-mediated apoptosis. Of note, the tumor-suppressive effects of ferrichrome were mediated through its iron-binding site, although the iron concentration was not associated with the tumor-suppressive effects, suggesting that ferrichrome targets other molecules in gastric cancer cells.
SRB and MTT assays showed that ferrichrome exerted dose-dependent tumor-suppressive effects on gastric cancer cells (Figure 1 ). Ferrichrome is a siderophore, which is an iron-chelating agent derived from bacteria. [11] [12] [13] Previous reports have shown that iron chelators exert their anticancer effects by depleting intracellular iron. [20] [21] [22] To determine whether or not an iron-binding site of ferrichrome is necessary for it to exert its tumor-suppressive effects, complete iron-bound ferrichrome was used for SRB and MTT assays. These assays showed that the tumor-suppressive effects of ferrichrome were negated by iron binding. We therefore speculated that the tumor-suppressive effects of ferrichrome were associated with a decrease in the iron concentration in cancer cells. However, the concentration of intracellular iron was not correlated with the growth inhibition by ferrichrome (Figure 4(k) ), indicating that a decrease in the intracellular iron concentration was not essential for ferrichrome to exert its tumor-suppressive effects. Thus, ferrichrome operates via a novel anticancer mechanism by interacting with the cell components, regardless of the intracellular concentration of iron, to induce apoptosis in gastric cancer cells.
Subsequently, the docking molecules which bound iron-free or iron-binding ferrichrome were analyzed using an MOE software program. The analysis identified several candidate human molecules capable of binding to iron-free ferrichrome (Table 1) . Conversely, iron-chelated ferrichrome was unable to bind to any human molecules, suggesting that the iron-free structure of ferrichrome can capture unknown molecules in cancer cells through the iron-binding site. Previous reports indicated the relevance (continued) of the JNK-DDIT3 pathway and predicted that three molecules, threonine-tRNA ligase, Son of sevenless homolog 1 (SOS1), and methylthioribulose-1-phosphate dehydratase (APIP), would interact with ferrichrome. Multi-tRNA synthetases such as threonine-tRNA ligase inhibit the activation of JNK, 23 and the inhibition of threonine-tRNA ligase induces the DDIT3-apoptotic pathway. 24 Thus, we suspect that ferrichrome may inhibit the antiapoptotic function of threonine-tRNA ligase through the activation of the JNK-DDIT3-mediated pathway in gastric cancer cells. The SOS family is an important Ras signaling regulator. SOS1 inhibits apoptosis through the activation of the HRAS-PI3K cascade. 25 APIP functions in the methionine salvage pathway and inhibits the caspase-9-mediated apoptotic pathway. 26 We hypothesize that ferrichrome binds with threonine-tRNA ligase, SOS1, and/or APIP and inhibits their functions, resulting in the induction of apoptosis in gastric cancer cells. Further analyses to determine the molecules captured by iron-free ferrichrome, particularly threonine-tRNA ligase, SOS1, and APIP may be useful for identifying novel targets of cancer treatments.
Our previous report proposed that ferrichrome induced the expression of apoptotic transcriptional factor DDIT3 in colon cancer cells. 10 Similarly, this study revealed that ferrichrome induced DDIT3 in MKN-7 and MKN-45, suggesting that DDIT3 is a key factor for inducing apoptosis in gastric cancer cells. However, DDIT3 was not induced in MKN-74 or NUGC-4 by ferrichrome treatment. Our SRB assay showed that the growth of these two cell lines was suppressed by only high-concentration (100 µg/mL) ferrichrome, suggesting that high-concentration ferrichrome exerts its tumor-suppressive effects via an alternative mechanism.
Western blotting showed that the expression of cleaved caspase-8, caspase-9, and PARP was induced in gastric cancer cells. Flow cytometry showed that the sub-G1 peak was increased in MKN-74 cells and that G1 arrest occurred in MKN-7 cells. The results indicated that the anti-tumor effects of ferrichrome not only occurred via the apoptotic pathway but also involved changes in the cell cycles. An SRB assay showed that only 100 µg/mL ferrichrome exerted the tumor-suppressive effects in MKN-74 cells. These results suggested that proliferative potential of the cells was greater than the tumor-suppressive effects of 1-10 µg/mL ferrichrome. In NUGC-4 cells, 10 and 100 µg/ mL ferrichrome induced the expression of cleaved caspase-8, cleaved-9, and PARP, and there was no change in the flow cytometry peak. Thus, high-concentration ferrichrome could induce apoptotic effects in NUGC-4 cells. In MKN-45 cells, the expression levels of cleaved caspase-9 and PARP were increased, but there was no significant change in the cleaved caspase-8 and sub-G1 peaks. These data suggest that ferrichrome has the potential to upregulate not only the JNK-DDIT3 apoptotic pathway but also other tumor-suppressive pathways. Necroptosis is a programmed cell death mechanism that is characterized by various morphological characteristics, including the swelling of the cells and the absence of nuclear condensation and hypoploid particles. 27 The caspase-8 activity is a key factor in the induction of apoptosis, and a lack of caspase-8 activity leads to necroptosis in this pathway. 28, 29 Further studies should be performed to determine whether ferrichrome is associated with other cell death pathways in MKN-45 cells.
Bacteria-derived ferrichrome is thought to act as a metal chelator, and while it may also exert other effects, none have yet been identified. This study and our previous investigation 10 suggested that ferrichrome is a multifunction molecule that acts as a mediator for host-microbe interactions, including the mediation of probiotic tumorsuppressive effects on cancer cells. Ferrichrome and other bacteria-derived siderophores may mediate host-microbe interactions in some manner. Identifying the functions of these siderophores will clarify novel mechanisms of hostmicrobe interactions and may aid in the development of new drugs for the treatment of many human disorders.
